Nematode mitochondria possess extremely truncated tRNAs. Of 22 tRNAs, 20 lack the entire T-arm. The T-arm is necessary for the binding of canonical tRNAs and EF (elongation factor)-Tu (thermo-unstable). The nematode mitochondrial translation system employs two different EF-Tu factors named EF-Tu1 and EF-Tu2. Our previous study showed that nematode Caenorhabditis elegans EF-Tu1 binds specifically to T-armless tRNA. C. elegans EF-Tu1 has a 57-amino acid C-terminal extension that is absent from canonical EF-Tu, and the T-arm-binding residues of canonical EF-Tu are not conserved. In this study, the recognition mechanism of T-armless tRNA by EF-Tu1 was investigated. Both modification interference assays and primer extension analysis of cross-linked ternary complexes revealed that EF-Tu1 interacts not only with the tRNA acceptor stem but also with the D-arm. This is the first example of an EF-Tu recognizing the D-arm of a tRNA. The binding activity of EF-Tu1 was impaired by deletion of only 14 residues from the C-terminus, indicating that the C-terminus of EF-Tu1 is required for its binding to T-armless tRNA. These results suggest that C. elegans EF-Tu1 recognizes the D-arm instead of the T-arm by a mechanism involving its C-terminal region. This study sheds light on the co-evolution of RNA and RNA-binding proteins in nematode mitochondria.
INTRODUCTION
In the elongation cycle of translation in bacteria and in eukaryotic organelles, EF (elongation factor)-Tu (thermo-unstable) binds GTP and aa-tRNA (aminoacyl-tRNA) to form a ternary complex that subsequently binds the ribosome [1] . The crystal structure [2, 3] and substantial biochemical data [4] have shown that bacterial EF-Tu is composed of three domains and interacts with two regions of tRNAs, the acceptor stem and the T-stem. Domains 1 and 2 bind to the acceptor stem, and domain 3 interacts with the T-stem, the length of which influences ternary complex formation [5] .
The cloverleaf secondary structure and the L-shaped tertiary structure [6, 7] are common to most tRNAs. However, a variety of exceptional tRNAs exist in metazoan mitochondria. The characteristic feature of the metazoan mt (mitochondrial) translation system is the reduced number of RNA components (tRNA and rRNA) encoded by the mt DNA and the increased number of protein components encoded by the nuclear genome. In nematode mitochondria, this bias is clearly seen in the ternary complex containing tRNA and EF-Tu [8] and in the altered ratio of RNA to protein in ribosomes [9] . Nematode mitochondria possess extremely truncated tRNAs that lack either the T-arm or the Darm. Out of 22 tRNAs, 20 tRNAs lack the T-arm and two tRNAs Ser lack the D-arm. Such a set of bizarre tRNAs has been found in at least seven chromadorean nematodes: Caenorhabditis elegans [10] , Ascaris suum [11] , Onchocerca volvulus [12] , Ancylostoma duodenale [13] , Necator americanus [13] , Dirofilaria immitis [14] and Cooperia oncophora [15] . These unusual tRNA structures raise the question of how nematode mt EF-Tu can recognize tRNAs lacking the T-arm (T-armless tRNA), which is essential for the binding of canonical EF-Tu.
The nematode mt translation system employs two variants of EF-Tu, EF-Tu1 which specifically recognizes the T-armless tRNAs [16] and EF-Tu2 (tufm-2 gene product) which specifically recognizes the D-armless tRNAs [8] . We have previously reported that the nematode C. elegans EF-Tu1 (encoded by the Y71H2AM.23 gene, here renamed tufm-1) has a 57-amino acid C-terminal extension named domain 3 , which is not seen in canonical EF-Tu molecules. The C-terminal region including the extension is important for the unique tRNA-specificity [16] . However, the details of the tRNA-recognition mechanism of EFTu1 remain unknown. Thus, we investigated the mechanism of recognition of T-armless tRNA by EF-Tu. 
Preparation of the ternary complex and separation of the complex on native PAGE
The ternary complex of EF-Tu1, GTP and Val-tRNA Met was prepared as follows. To prepare the solution including the appropriate concentration of EF-Tu1 as described below, the EF-Tu1-EF-Ts complex was used because it is much more soluble than EF-Tu1 alone. The complex of C. elegans EF-Tu1 and EF-Ts was prepared as described previously [19] . EF-Tu1-EF-Ts (300 pmol) was incubated with 900 pmol of GTP in 15 µl for 40 min at 15
• C, and then 1 µl of 30 µM Val-tRNA Met (60 pmol) and 4 µl of ternary complex buffer containing 250 mM Tris/HCl (pH 7.6), 325 mM ammonium acetate and 50 mM magnesium acetate were added, and the mixture was incubated at 0
• C for 10 min. Electrophoresis of the samples was carried out on 5 % PAGE at 4
• C in a buffer containing 50 mM Tris/HCl (pH 6.8), 65 mM ammonium acetate, 10 mM magnesium acetate and 1 mM EDTA.
ENU-modification interference assay
An ENU-modification interference assay was performed as described previously [20] . In brief, the assay was carried out as follows. The Val-tRNA Met was 5 -32 P-labelled, purified, and resuspended in 40 µl of solution containing 150 mM Tris/HCl (pH 7.4), 10 mM MgCl 2 and 2 µg of Escherichia coli tRNA. Freshly prepared saturated ENU solution (5 µl) in ethanol was added to the mixture, and the mixture was incubated at 37
• C for 30 min. The ternary complex of EF-Tu1, GTP and Val-tRNA Met was prepared and separated by 5 % PAGE as described above. Elution of Val-tRNA Met (complexed or free) from gels was performed at 15
• C for 30 min in 100 µl elution buffer containing 0.3 M NaOAc (pH 5.0), 0.1 % SDS and 2 mM EDTA. This elution step was repeated three times. The eluate was purified by phenol extraction and ethanol precipitation, and further purified to remove deacyl tRNAs by 7.5 % denaturing PAGE containing 0.1 M sodium acetate (pH 5.0). Each tRNA was cleaved at its ethylated position at 50
• C for 6 min in a reaction buffer containing 100 mM Tris/HCl (pH 9.0). The RNA fragments were recovered by ethanol precipitation and then analysed by 12 % denaturing PAGE.
Primer extension analysis of the cross-linked ternary complex
Cross-linking of the Val-tRNA Met and EF-Tu1-GTP was carried out basically as described previously [21, 22] . The ternary complex was prepared as described above except that Tris/HCl in this procedure was replaced with Hepes/KOH because 2-iminothiolane (Pierce) reacts with primary amines. A 50-fold molar excess of 2-iminothiolane over EF-Tu1 was added to the ternary complex and incubated at 0
• C for 60 min. The complex was then irradiated by UV (254 nm, UVP, model UVS-28) at 0
• C for 4 min. To dissociate non-cross-linked ternary complexes, GDP was added in a 10-fold molar excess over GTP. After the separation and purification of cross-linked complex by 5 % native PAGE as described above, primer extension was performed to identify the cross-linked site(s) on the tRNA [23] . The 5 -32 P-labelled primer (0.2 pmol) was incubated with the cross-linked complex containing 0.00002 A 260 units of tRNA Met in a 10 µl solution containing 10 mM Tris/HCl (pH 8.0) and 1 mM EDTA at 80
• C for 2 min, and then cooled slowly to room temperature for 1 h. Subsequently, 1.5 µl of double-distilled water, 4 µl of 5× Reaction Buffer for reverse transcription (Toyobo), 0.5 µl of 1.5 mM dNTP, 3 µl of 25 mM MgCl 2 and 1 µl of M-MLV (Moloney murine leukaemia virus) reverse transcriptase (40 units/µl, Toyobo) were added, and the mixture was incubated at 42
• C for 1 h. The reaction mixture was separated by 15 % PAGE containing 7 M urea. The synthetic DNA primers used to probe tRNA Met were: 5 -TATGTTCCTCACAGAC-3 (Primer 1) to probe the region from A21 to G10, 5 -AGAGGGTATGTTCCTC-3 (Primer 2) to probe the region from U27 to A20, 5 -ACACCAAGAG-GGTATG-3 (Primer 3) to probe the region from U33 to C24, 5 -AGAAAAACACCAAGAG-3 (Primer 4) to probe the region from C38 to G31, and 5 -CAATAAGAGAAAAAC-3 (Primer 5) to probe the region from U(L4) to A37.
Nematode EF-Tu1 cDNA sequencing
The poly(A) + (polyadenylated) RNA from A. suum adult female body wall muscle was a gift from Dr Kiyoshi Kita (Department of Biomedical Chemistry, University of Tokyo, Tokyo, Japan). Reverse transcription was carried out with ReverTra Ace (Toyobo) and random hexamers. The partial cDNA fragment of the putative EF-Tu was obtained by PCR using the degenerate primers P-748 (5 -ACKATWGGNCAYRTNGAYCA-3 )/P-750 (5 -TCKGMR-TGNCCNGGRCARTC-3 ) and P-749 (5 -CAYRTKGAYCAY-GGNAARAC-3 )/P-750. The putative cDNA fragments were purified by agarose gel electrophoresis and then cloned using the TOPO TA cloning kit (Invitrogen). Positive clones were screened by colony PCR using the vector-specific primers 5 -GTGCT-GCAAGGCGATTAAGTTGG-3 and 5 -TCCGGCTCGTATGT-TGTGTGGA-3 , and sequenced using a DYEnamic ET terminator Sequencing Kit (GE Healthcare) and a 310 genetic analyser (Applied Biosystems). The full-length cDNA (GenBank ® accession number AB211994) was reconstructed from RACE (rapid amplification of cDNA ends) clones prepared with the GeneRacer kit (Invitrogen) and specific primers fully complementary to the partial cDNA sequence obtained above (5 RACE: 5 -TCCTCTGGCTTTCTCTTCAGGTGCATTG-3 for the first PCR and 5 -CGCCCCTTTTCGAGCAGCGAGCACTT-TA-3 for the second PCR; 3 RACE: 5 -CGGAAAGACTACGCT-CACTTCTGCAATC-3 for the first PCR and 5 -TGCTCGCT-GCTCGAAAAGGGGCGAAGTT-3 for the second PCR respectively) together with adopter-specific primers supplied with the GeneRacer Kit (5 RACE: 5 -CGACTGGAGCACGAGGACA-CTGA-3 for the first PCR and 5 -GGACACTGACATG-GACTGAAGGAGTA-3 for the second PCR; 3 RACE: 5 -GCTGTCAACGATACGCTACGTAACG-3 for the first PCR and 5 -CGCTACGTAACGGCATGACAGTG-3 for the second PCR respectively). A tBLASTn search [24] against nematode ESTs (expressed sequence tags) in the public database using C. elegans EF-Tu1 as the query was conducted, and the ESTs encoding putative EF-Tu sequences were identified. The EST clones potentially encoding the full-length cDNAs of Strongyloides ratti and Globodera rostochiensis (GenBank ® accession numbers of their partial sequences were BM879408 and BI773024 respectively) were obtained from the Washington University Nematode EST project, and the entire cDNAs were sequenced as described above (S. ratti, AB211996; G. rostochiensis, AB211995).
Preparation of C-terminal deletion mutants of EF-Tu1 and measurement of tRNA binding activity
The expression vectors of C-terminal deletion mutants were prepared using the QuikChange ® site-directed mutagenesis kit (Stratagene). The primer sets used for mutagenesis were 5 -GTTTGAAACCAGATTTTTCCAATTCTTAACAAAGCCCG-AAAGGAAG-3 and 5 -CTTCCTTTCGGGCTTTGTTAAGA-ATTGGAAAAATCTGGTTTCAAAC-3 for the 14 amino acid deletion (d1), 5 -GCTGAAATGGAACGATTGGGATTCAAT-TAACAAAGCCCGAAAGGAAG-3 and 5 -CTTCCTTTCGG-GCTTTGTTAATTGAATCCCAATCGTTCCATTTCAGC-3 for the 31 amino acid deletion (d12), 5 -TAACCAACGACGAA-AAGGACTAACAAAGCCCGAAAGGAAG-3 and 5 -CTTC-CTTTCGGGCTTTGTTAGTCCTTTTCGTCGTTGGTTA-3 for the 49 amino acid deletion (d123), and 5 -TTCACCGACG-TTCTTCCATAACAAAGCCCGAAAGGAAG-3 and 5 -CTT-CCTTTCGGGCTTTGTTATGGAAGAACGTCGGTGAA-3 for the 57 amino acid (entire domain 3 ) deletion (d1234). The mutations in the primers that create premature stop codons are underlined. Recombinant proteins of C. elegans EF-Tu1 and its deletion mutants were expressed in E. coli and purified as described previously [19] . C. elegans mt EF-Ts were added to form mutant EFTu1-EF-Ts complexes after purification by Ni 2+ -affinity columns. Formation of the mutant EF-Tu1-EF-Ts complexes was confirmed by native gel electrophoresis [19] . Separation of the mutant EF-Tu1 and EF-Ts was performed using 9 % native PAGE containing 8 mM Tricine/NaOH (pH 8.2), 1 mM EDTA and 5 % glycerol. The buffer for electrophoresis contained 8 mM Tricine/NaOH (pH 8.2) and 1 mM EDTA. The binding activities of these mutants to A. suum mt Met-tRNA Met prepared by aminoacylation with an A. suum mitochondrial extract [17] were measured by a deacylation protection assay [16, 17, 25] .
RESULTS

EF-Tu1-binding sites on T-armless tRNA detected by ENU-modification interference assay
The modification interference assay was performed to investigate where EF-Tu1 binds the T-armless aa-tRNA (Figure 1 ). RNA modification interference of RNA-protein interactions identifies the protein-binding sites on the RNA [26] [27] [28] [29] . In the present study, ENU was used as the modification agent. ENU is a mild alkylating agent that modifies backbone phosphates under mild conditions without base selectivity by forming phosphodiester groups that can be cleaved by mild base treatment [27, 28] . EF-Tu cannot bind to Val-tRNA if the tRNA contains ethyl modifications of the phosphodiester bonds at site(s) necessary for EF-Tu binding. In Figure 1 , comparison of the ethylated positions of ValtRNA bound to EF-Tu ( Figure 1, lane 2) with those of free Val-tRNA (Figure 1, lane 3) shows that ethylation of the phosphates at positions 3, 7, 14, 15, L11, 66 and 67 on the tRNA interfered with EF-Tu1-binding. For nematode mt T-armless tRNAs, the nucleoside positions in the TV-replacement loop are numbered from L1 to L11 as described [10] . These positions are mapped in Figure 1 (right-hand side) . The phosphates at Met . The open triangles indicate phosphates interacting with the EF-Tu1. The base numbering is according to [10] . positions 3, 7, 66 and 67 are in the acceptor stem, and the phosphate at position L11 is in the TV-replacement loop region. The phosphates at positions 14 and 15, which are in the D-arm region and with which normal EF-Tu cannot interact [2, 3] , were involved in EF-Tu1 binding. These results indicate that C. elegans mt EF-Tu1 possesses a unique aa-tRNA recognition mechanism that differs from those of canonical EF-Tu molecules.
T-armless tRNA sites interacting with EF-Tu1, as determined by cross-linking
The cross-linking experiment using 2-iminothiolane was performed to identify the EF-Tu1-binding sites on A. suum mt ValtRNA Met . 2-Iminothiolane reacts with primary amines, primarily lysine, in proteins and becomes coupled to uridine in RNAs after UV irradiation [21] . For example, the interactions detected by the cross-linking between 23 S rRNA and ribosomal proteins in E. coli 50 S ribosomal subunit [30] are consistent with those in the crystal structure of the ribosome [31] . The cross-linked site on the tRNA Met was determined by primer extension. Primers that started every six to nine nucleotides on the tRNA were used to probe all residues of the tRNA except for the 5 -and 3 -end regions. The region from the 3 -end to G(L5) was undetectable because a primer-binding region is necessary. The region from the 5 -end to m 1 A9 was undetectable because the methyl group at m 1 A9 inhibits primer extension. Figure 2 shows the results of primer extension using Primer 1, which identifies the cross-linked position on the tRNA. In the control experiment without UV cross-linking (Figure 2 
Binding activity of EF-Tu1 C-terminal deletion mutants
Our previous studies of chimeric proteins made from bovine mt EF-Tu and C. elegans mt EF-Tu1 suggested that the C-terminal extension (domain 3 ) of C. elegans EF-Tu1 made a significant contribution to its ability to bind T-armless tRNAs [16] . All of the completely sequenced mt genomes from chromadorean nematodes encode 20 T-armless tRNAs and two D-armless tRNAs, but no cloverleaf-type tRNAs (see Introduction). To evaluate the evolutionary importance of the C-terminal extension of EF-Tu1, we determined full-length cDNA sequences of EFTu1 from three additional chromadorean nematodes A. suum (accession number AB211994), S. ratti (accession number AB211996) and G. rostochiensis (accession number AB211995). Protein sequence alignment revealed conservation in sequence and length of the domain 3 among nematode EF-Tu1 proteins ( Figure 3A) . A secondary structure prediction of the domain 3 of C. elegans mt EF-Tu1, using the PredictProtein software [32] , suggested three α-helices in this region ( Figures 3A and 3B) . These three helical regions are represented by segments i, ii and iii and the rest of the domain 3 is represented by segment iv in Figures 3(A) and 3(B) . To determine the importance of these segments in binding T-armless tRNA, we prepared a series of mutants of C. elegans EF-Tu1 using nested deletions from the Cterminus ( Figure 3B ). First, we investigated complex formation of these mutants with C. elegans mt EF-Ts (encoded by the F55C5.5 gene, here renamed tsfm-1) by the gel mobility-shift assay [19] . The mutants and wild-type EF-Tu1 protein bound to similar extents to EF-Ts ( Figure 3C ), suggesting that the overall conformation and folding of domains 1 and 3 in these mutants were adequate for EF-Ts binding. Domains 1 and 3 of EF-Tu were shown previously to interact with bacterial and mitochondrial EFTs [33, 34] . EF-Tu1 stayed in the wells of the gel ( Figure 3C ), probably because it aggregates in the absence of EF-Ts under these buffer conditions (with EDTA, but without Mg 2+ and GDP), which are optimal for EF-Tu-EF-Ts binding. EF-Tu is unstable in the absence of a guanine nucleotide and EF-Ts. Our previous gel-filtration analysis showed that EF-Tu1 aggregates in buffer lacking Mg 2+ and GDP, but containing EDTA [19] . Next, the binding activity of the mutants to Met-tRNA Met was measured by hydrolysis protection assay [17] (Figure 3D ). Contrary to the results in the EF-Ts binding, the binding activity to the Tarmless tRNA was lost when only 14 residues were deleted from the C-terminus. These results suggest that the entire C-terminal extension of the nematode EF-Tu1 is essential for binding to Tarmless tRNAs.
DISCUSSION
Recognition of T-armless tRNA by C. elegans EF-Tu1
In a previous study, we found that C. elegans mt EF-Tu1 specifically binds to tRNAs lacking the T-stem [16] which is necessary for canonical EF-Tu to bind to tRNAs [2] . In this study, we investigated the mechanism by which EF-Tu1 binds to tRNAs in the absence of the T-stem. Our data demonstrate that the lack of interaction with the T-stem was compensated for in EF-Tu1 by a unique interaction with the D-arm. Figure 4 shows a model of EFTu1 binding to T-armless tRNA. Numerous binding experiments [4] and crystallographic analyses [2, 3] have shown that bacterial EF-Tu recognizes the acceptor stem through its domains 1 and 2, and the T-arm through its domain 3 as shown in Figure 4 (bottom left). In contrast, the EF-Tu1-binding sites on tRNA identified by the above experiments indicate that EF-Tu1 recognized not only the acceptor stem but also the D-arm. The EF-Tu1-binding 
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(A) Amino acid alignment of EF-Tu1 homologues. EF-Tu1 sequences of C. elegans (accession number D38471), and its homologues in other nematodes, Caenorhabditis briggsae (CAE57516), A. suum (AB211994, the present study), Ancylostoma ceylanicum (CA341502, EST data), S. ratti (AB211996, the present study), and G. rostochiensis (AB211995, the present study). EF-Tu sequences of Homo sapiens (X84694), Bos taurus (L38996), E. coli (P02990) and T. thermophilus (SP07157) were also aligned. The alignment was carried out using Clustal X [51] followed by manual modifications. Black and gray areas indicate identical and similar amino acid sequences respectively. The positively charged amino acids in domain 3 of C. elegans EF-Tu1 are indicated by '+'. The probable α-helix region of C. elegans mt EF-Tu1 predicted by a secondary structure prediction program is indicated by 'h' [32] sites were the phosphate groups at positions 3, 7, 14, 15, L11, 66, 67 and the uridine base of U13 on the tRNA Met , as shown in Figure 4 (top right). The position L11 in the T-armless tRNA Met is similar to position 65 in the T-stem of standard tRNAs. Canonical EF-Tu interacts with phosphates at positions 3, 65, 66 and 67 in the tRNA, but not with those at positions 7, 14 and 15 [2, 3] . Interaction of the D-arm (i.e. phosphates 14 and 15) with EF-Tu1 is rather unexpected, but was observed by two different experiments (ENU-modification interference and cross-linking analyses). It is very likely that the unique region of EF-Tu1 (i.e. domain 3 ) interacts with phosphates 7, 14 and 15, as shown in Figure 4 (top).
Recognition of the D-arm by domain 3 is indicated by the following evidence. The chimaeric EF-Tu having domains 1 and 2 of canonical EF-Tu and domains 3 and 3 of EF-Tu1 has the same tRNA-specificity as EF-Tu1 [16] , indicating that domains 1 and 2 do not contribute to D-arm recognition. Domain 3 of EF-Tu1 is 34 % homologous with Thermus thermophilus EF-Tu, suggesting that domain 3 of EF-Tu1 is similar to the canonical one. Thus domains 1, 2 and 3 of EF-Tu1 seem not to interact with the Met lacking the T-arm is presented by the structural model (top right) [52] . The phosphates important for EF-Tu1-binding, detected by modification interference (3, 7, 14, 15, L11, 66 and 67) , and the base cross-linked with EF-Tu1 (U13) are shown in the space-filled representation. The tRNA chemical structure is shown with thin lines and its backbone with the bold line. The bacterial ternary complex is shown bottom left [2] . The ternary complex including nematode mt EF-Tu2 and D-armless Ser-tRNA is shown bottom right [20] .
D-arm. Domain 3 has a high content (21 %) of positively charged amino acids: ten lysine and two arginine residues ( Figure 3A) . In contrast, 13 % of amino acids in domains 1-3 are positively charged. The positively charged regions of the protein seem to interact with RNA that has negatively charged phosphate groups. ENU-modification of phosphates 14 and 15 interfered the EF-Tu1-binding to the tRNA (Figure 1 ), suggesting that these phosphate groups in the D-arm interact with EF-Tu1. Interaction of domain 3 with the tRNA is also supported by the finding that deletion of only 14 C-terminal residues abolished the tRNA-binding activity of EF-Tu1 ( Figure 3D ). Thus, our data suggest that domain 3 interacts with the D-arm of the T-armless tRNA.
EF-Tu1 does not bind aa-tRNAs with the canonical cloverleaf structure [16] . This may indicate that EF-Tu1 recognizes structures specific to T-armless tRNA. This study indicated that EFTu1 recognized the TV-replacement loop [i.e. U(L10) and C(L11) in A. suum mt tRNA Met ] and the D-arm (U13 and A14), which is difficult for EF-Tu to access in canonical tRNA.
Among the 120 T-armless mt tRNAs encoded by C. elegans [10] , A. suum [11] , O. volvulus [12] , Ancylostoma duodenale [13] , N. americanus [13] and D. immitis [14] , A14 is completely conserved (120/120) and U13 is almost completely conserved (116/120). A2, G6, U(L10), C(L11) and U66 are not conserved among these tRNAs. The extremely high conservation of U13 and A14 suggests that EF-Tu1 may recognize these positions in a sequence-specific manner.
Physiological significance of nematode mt EF-Tu1
RNA interference of the C. elegans tufm-1 gene showed that C. elegans could not survive when expression of EF-Tu1 was suppressed [35] . Many nematodes are parasites of plants and animals, including humans [36] . Bacterial EF-Tu can be a target of antibiotics such as kirromycin and pulvomycin [37] . Since the structure and properties of nematode mt EF-Tu1 differ from those of animal and plant mt EF-Tu and the cytoplasmic counterpart EF-1α, analysis of the structure and function of nematode EF-Tu1 may contribute to the development of new highly selective drugs against parasitic nematodes.
Co-evolution of mitochondrial EF-Tus and tRNAs
The present RNA-DNA-protein world is considered to have originated from an RNA world in which RNA was responsible for both catalysis and information storage (reviewed in [38] [39] [40] ).
According to the RNA world hypothesis, many of the present day biological systems that use both RNA and proteins, such as the translation apparatus, had ancestors that used RNA only. One tenet of this hypothesis is that as RNA components in biological systems were replaced by proteins, the RNA component underwent a reduction in size and function that was compensated by an increase in size and function of the associated protein. In the present study, the co-evolutionary process is shown by the distinct differences that exist between bacterial and mitochondrial ternary complexes.
C. elegans mt EF-Tu1 is the first example of an EF-Tu that can recognize the D-arm of tRNA. This finding provides an example of the co-evolution of RNA and protein that was necessary to maintain RNA-protein interactions. Since canonical EF-Tu cannot bind to T-armless tRNAs [16] , EF-Tu1 compensates for the tRNA truncation. Nematode mt EF-Tu1 compensates for the tRNA truncation through an elongation of its C-terminus, which contains the new tRNA-recognition site. The recognition mechanism of the Cterminal extension was also observed for nematode mt EF-Tu2 in our previous work, but the sites recognized by the C-terminus of EF-Tu2 are different from those recognized by EF-Tu1 [20] ( Figure 4 , bottom right). The common feature of EF-Tu1 and EF-Tu2 is that they have acquired a C-terminal extension which forms novel contacts near the hinge region to compensate for the T-or D-arm truncations. From an evolutionary point of view, one might ask why the D-arm and/or T-arm are shortened in animal mt tRNAs. One of the answers may be that EF-Tu co-evolved to support such truncated tRNAs. In nematode mitochondria, the genomic DNA might have been subjected to severe size reductions, as indicated by its present day extremely small size. Given this reductive pressure and the encoding of EF-Tu1 by the nuclear genome, it may have been possible to shorten the T in most nematode mt tRNAs.
To date, many animal mt genome sequences have been determined. The sequenced mt genomes of all metazoa except for demospongiae and cnidaria have D-armless tRNA genes. Furthermore, there are mt DNAs which encode both T-armless tRNAs and D-armless tRNAs in some animals other than nematodes, for example, the brachiopods Terebratulina retusa [41] , Laqueus rubellus [42] and Terebratalia transversa [43] , the molluscs Cepaea nemoralis, Albinaria coerulea [44] , Pupa strigosa [45] and Euhadra herklotsi [46] , the acanthocephalans Leptorhynchoides thecatus [47] , and the arthropods Habronattus oregonensis [48] , Heptathela hangzhouensis, Ornithoctonus huwena [49] and Leptotrombidium pallidum [50] . Intriguingly, although many arthropod mt genomes, such as Drosophila, have D-armless and cloverleaf tRNAs instead of T-armless tRNA, these arthropods have two EF-Tus resembling nematode EF-Tu1 and EF-Tu2 (A. Sato, Y. Watanabe, K. Watanabe and T. Ohtsuki, unpublished work). These results suggest that gene duplication of mt EF-Tu occurred before the birth of T-armless mt tRNA and that it might have encouraged the birth of T-armless tRNAs. Although the tRNA-specificity of EF-Tu proteins from animals other than nematodes and mammals has not been verified yet, their analysis may serve to further illuminate RNA-protein co-evolution.
